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Introduction
Perceiving and reacting to harm is crucial for survival and social interaction. Indeed, the assessment of deliberately harmful actions moulds human morality Treadway et al., 2014; Ames and Fiske, 2015) . Moral evaluation engages neurocognitive mechanisms supporting theory of mind, intentionality, empathic concern and evaluation (Moll et al., 2005; Young et al., 2007; Moll and Schulkin, 2009; Decety and Cowell, 2014) . Neuroimaging studies show that these cognitive domains involve widely distributed networks (Moll and Schulkin, 2009; Ibanez and Manes, 2012) . This network relies on the amygdala as a critical hub (Treadway et al., 2014) , likely through frontotemporal connections indexing stimulus salience (Pessoa and Adolphs, 2010) .
However, available evidence presents various limitations. First, functional MRI studies of morality are blind to early differences among relevant mechanisms (Huebner et al., 2009) . Second, amygdala activation is confounded by stimulus-related signal fluctuation in nearby veins draining distant brain regions (Boubela et al., 2015) . Third, EEG/ MEG studies of subcortical source space are inaccurate. Thus, no evidence exists of a direct and early involvement of the amygdala in the detection of intentional harm.
To bridge these gaps, we assessed inferences about perceived harm using a paradigm previously validated through functional MRI and eye-tracking as well as EEG recordings (Decety and Cacioppo, 2012; Escobar et al., 2014) . Participants viewed short videos depicting interactive situations that involved intentional harm, unintentional harm or no harm at all. Their task was to evaluate whether the actions were intentional or unintentional. All stimuli were presented in a three-frame sequence (T1: 500 ms, T2: 200 ms, T3: 1000 ms; see 'Materials and methods' section).
Materials and methods

Participants
Three patients with intractable epilepsy who were offered surgical intervention to alleviate their condition took part in the study. Subject 1 was a 19-year-old, right-handed female who had completed 1 year of tertiary education and suffered from drug-resistant epilepsy since the age of 16 years. Subject 2 was a 57-year-old, left-handed male with an undergraduate degree who suffered from drug-resistant epilepsy since the age of 42 years. Subject 3 was a 29-year-old, left-handed female with an undergraduate degree who suffered from epilepsy since the age of 18 years. All of the subjects gave written informed consent in accordance with the Declaration of Helsinki, and the study was approved by the Institutional Ethics Committee of the Hospital Italiano de Buenos Aires, Argentina. They were attentive and cooperative while performing the task. Their cognitive performance under the task was accurate (Supplementary Table 1 ).
Patients' recordings
Direct cortical recordings were obtained from semi-rigid, multi-lead electrodes that were implanted in each patient. The electrodes used have a diameter of 0.8 mm and consist of 5, 10 or 15 contact leads 2-mm wide and 1.5-mm apart (DIXI Medical Instruments). The video-SEEG monitoring system (Micromed) records as many as 128 depth-EEG electrode sites simultaneously. Our three subjects had electrodes in the left amygdala, although two of them were left-handed. No data were collected from the right amygdala. All patients were carefully selected such that the amygdalae from which the recordings were obtained were distal to the epileptogenic foci, and no single recording site presented epileptogenic activity (see below). Subject 1 had 128 sites recorded. Subject 2 had 90 sites recorded. Subject 3 had 105 sites recorded. The recordings were sampled at 1024 Hz.
Post-implantation MRI and CT scans were obtained from each patient. Both volumetric images were affine registered and normalized using the SPM8 MATLAB toolbox. Using MRIcron, the MNI coordinates of each contact site and their respective Brodmann areas were obtained and are listed in Supplementary Table 2. We used the normalized position of the electrodes' contact sites to an MNI coordinate space because this procedure allowed us to define the patient's results in a common space (Foster et al., 2015) .
Experimental design: task and stimuli
We used an adaptation of the Intention Inference Task Decety and Cacioppo, 2012; Escobar et al., 2014) to assess the detection of intentional harmful actions. The task evaluates intentional detection in the context of intentional/ unintentional/neutral harms and consists of three scenarios: (i) intentional harm in which one person is in a painful situation intentionally caused by another (e.g. pushing someone off a bench); or (ii) unintentional harms in which one person is in a painful situation unintentionally caused by another; and (iii) neutral or control situations (e.g. one person receiving a flower given by another). The Intention Inference Task evaluates the comprehension of the unintentional or deliberate nature of the action and the intention of the perpetrator to hurt. It consists of 25 animated scenarios (11 intentional, 11 unintentional, three neutral), and one practice trial for each category (before the task). The patients were asked to perform the task a few times. Subjects performed the task twice (Subject 2 three times). Although these are a small number of trials, our results were robust and were consistent with the single trial responses observed in intracranial recordings and their enhanced signal-to-noise ratio (Jacobs and Kahana, 2010) . Each scenario consists of three digital colour pictures presented in a successive manner to imply motion. The durations of the first, second and third pictures in each animation were 500 (T1), 200 (T2), and 1000 (T3) The faces of the protagonists were not visible and thus there were no facial emotional reactions visible to the patients. However, body expressions and postures provided sufficient (C) Time-frequency charts. T1, T2 and T3 represent the times at which each digital picture is presented to the subject. A zero value was assigned to points that were not significant (P 4 0.05) relative to the baseline. Left: Subtraction between the amygdala time-frequency charts obtained from the intentional and unintentional conditions. Right: Subtraction between the amygdala time-frequency charts obtained from the intentional and neutral conditions. (D) Averaged power spectrum of the intentional and unintentional time-frequency charts using different frequency ranges. The green marks identify significant differences between conditions (bootstrapping, P 5 0.01). Left: Frequency range 1-40 Hz. Right: 60-150 Hz. (E) Binary logistic regression between conditions (intentional = 1, unintentional = 0) and mean value of the power spectrum on broadband and 0-1000 ms window (B = 0.580, R = 0.44, P = 0.0000001, correct categorization = 70.54%).
information about the intention of the agent. Patients were asked to respond to intentionality (was the harmful action done on purpose?). The question was answered by selecting 'Yes' or 'No' with two different buttons.
Data analysis Signal preprocessing
The data were bandpass filtered from 1 to 200 Hz using a zero phase shift finite impulse filter. Then, they were notch filtered at 50 Hz and its harmonic frequencies (100 Hz, 150 Hz) to eliminate the line artefacts. The contact sites recorded from each patient who presented artefacts and pathological waveforms were discarded. This was achieved by visually inspecting the recordings and by the following criteria: (i) signal values do not exceed five times the signal mean; and/or (ii) consecutive signal samples do not exceed 5 standard deviations (SD) from the gradient mean. A total number of 115 contact sites remained after applying these criteria (35 contact sites for Subject 1, 44 for Subject 2 and 36 for Subject 3; Supplementary Fig. 2 ).
Once the sites that complied with the criteria were selected, they were referenced to the mean value (the averages of the sites per subject were subtracted from each recording). Finally, the data were segmented into 2000 ms epochs, including a À500 to 0 ms prestimulus baseline period. The epochs were baseline corrected.
Time-frequency analysis
The time-frequency charts were obtained by analysing the digitized signals using a windowed Fourier transform (window length: 250 ms, step 8 ms, window overlap 97%) (Gross, 2014) . Our scripts were based on the newtimef.m script. As the frequency analysis is windowcentred, we consider that the earliest unbiased significant temporal value is $125 ms, when the window centre is at 0 ms (T1 stimulus presentation, see Supplementary material). The time-frequency charts were normalized to the baseline before the stimulus onset. The normalization involved subtracting the baseline average and dividing by the baseline standard deviation on a frequency-byfrequency basis using a window from À500 to 0 relative to the stimuli onset.
We obtained the time-frequency chart for each condition (intentional, unintentional and neutral harmful actions) and performed subtractions between them (intentional À unintentional, intentional À neutral and unintentional À neutral). Significant power increases and decreases across time against baseline values were analysed with Monte Carlo permutation tests (5000) combined with bootstrapping, as reported in other intracranial studies (Naccache et al., 2005; Ibanez et al., 2013) . This simple method offers a straightforward solution for multiple comparison problems and for data distribution assumptions. Frequency band ranges of 1 to 40 Hz and broadband (60 to 150 Hz) of the time-frequency charts were averaged for the signals obtained from the intentional and unintentional conditions.
Logistic regression of the trial-by-trial analysis
Logistic regression analysis was performed to evaluate whether the power activity across each trial could predict the subject categorization as intentional or unintentional. The dependent variable was the unintentional (0) or intentional (1) condition. The independent variable of interest was the averaged value of power spectrum over time (0-1000 ms since stimuli onset) for the 60-150 Hz frequency range in each trial. Statistical significance was considered to be P 5 0.01. Outliers were detected using the Tukey two-sided method (Tukey hinge distance factor = 1.5) (Tukey, 1977) . Three outlier values were detected and left out of the analysis. This procedure was done for the amygdala power spectrum values and for the other regions, grouped by regions of interest within subjects (see below).
Comparison between the amygdala and the other regions
To assess the amygdala's power activation and ability to distinguish between conditions (logistic regression) relative to the other regions, we performed a three-step analysis: (i) to evaluate whether the region discriminates the intentional condition, and the intentional from unintentional conditions; (ii) to compare the amygdala's power activation with that of the regions that did discriminate the intentional conditions and the intentional from unintentional conditions; and (iii) to perform a logistic regression of single trial data as predictors of subject classification. See Supplementary material for detailed information on this three-step analysis.
Amygdala connectivity analysis using the weighted Symbolic Mutual Information measure
To analyse the amygdala's connectivity with the other regions within each subject, we used the weighted Symbolic Mutual Information (wSMI) measure (King et al., 2013) . This method calculates a non-linear index of information sharing between two signals. The signals are transformed into symbols. By defining a value of k, the number of samples that represent a symbol, and , the temporal separation between them, a frequency range is defined for which wSMI will be sensitized. The joint probability between the signals was then calculated for each pair of channels, for each trial, with a fixed value of k = 3 and = 32 mshence establishing the frequency range to 1-10 Hz. The signals were low-pass filtered at 10 Hz to avoid aliasing effects (see Supplementary material for more details).
A seed analysis based on the wSMI was calculated for the amygdala's signal with the other regions within each subject for the intentional and unintentional conditions (signals without the baseline time window). The statistical comparisons between the connectivity values obtained for each condition were performed using a Wilcoxon Signed Rank test. The null hypothesis was rejected if a t-value was greater than the most extreme 5% of the distribution (i.e. P 5 0.05). The BrainNet Viewer toolbox was used for visualization of wSMI.
Brief time span functional connectivity
A functional connectivity analysis (Omigie et al., 2015) of the early window (0 to 500 ms) was implemented to study the correlation between different regions. The signals were first bandpass filtered in two frequency band ranges, 1 to 40 Hz and 60 to 150 Hz, for the intentional and unintentional signals. See Supplementary material for more details.
Results
During the task, we measured local field potentials (at T1, T2, and T3) in three patients (Subjects 1, 2 and 3) with depth electrodes (n = 115) placed in the amygdala (Fig. 1B , n = 6) and in several frontal, temporal and parietal locations (n = 109; see Supplementary Fig. 2 and Supplementary Table 2 for spatial locations).
Intentionality and content (harm versus neutral) were discriminated by an activity boost in the amygdala (all sites). This was observed during the first 200 ms after stimulus onset (T1) at 1-40 Hz and throughout T1-T2-T3 at broadband (60-150 Hz) ( Fig. 1C and Supplementary Fig. 3 ). Bootstrapped permutations of single trial analysis revealed greater activity for intentional than unintentional harm at an early time window (80-200 ms, 1-40 Hz) and throughout the T1-T3 time points at broadband (Fig. 1D) . This occurred separately in each patient (Supplementary Table 3) .
Moreover, a trial-by-trial analysis of amygdala responses (averaged during T1-T3) at broadband predicted the subjects' subsequent categorization as intentional or unintentional (Fig. 1E) . Such a classification was not predicted by the activity of any other region ( Supplementary Fig. 4) . The amygdala was the only site that systematically discriminated between critical conditions in all subjects (at both low and high bands) and predicted their classification of events.
To examine whether such modulation in the amygdala resonated in other regions, we analysed both (i) amygdala connections during the full stimulus set presentation; and (ii) connectivity at 1-40 Hz and broadband among all recording sites at early stages. First, via a wSMI analysis (King et al., 2013) , we explored the integration and global broadcasting of information across non-linear amygdala connections. At relatively low frequencies (1-10 Hz), enhanced fronto-amygdalar connectivity (each subject separately: Subject 1: mesial/lateral supplementary motor area; Subject 2: orbitofrontal cortex; Subject 3: inferior frontal gyrus, pars orbitalis, lateral and posterior medial frontal gyrus; Wilcoxon, threshold of P 5 0.05) was observed for intentional relative to unintentional harm ( Fig. 2A) . The evoked responses of these prefrontal regions, which presented early connectivity with the amygdala, featured late (but not early) stimulus-related modulations ( Supplementary Fig. 5 ). We also assessed functional connectivity among all recording sites at an early window ($T1: 0-500 ms). Again, compared with unintentional harm, intentional harm induced stronger frontotemporal connectivity in all patients (bootstrapping, for 1-40 Hz: Subject 1: P = 6.3139 Â 10 À35 , t = 42.54; Subject 2: P = 7.989 Â 10
À33
, t = 35.24; Subject 3: P = 2.8841 Â 10
À10
, t = 21.18; for 60-150 Hz: Subject 1: P = 5.2694 Â 10 À48 , t = 42.35; Subject 2: P = 1.9606 Â 10
À11
, t = 32.21; Subject 3: P = 2.7941 Â 10
À58
, t = 43.95, see Fig. 2B ), even when controlling for the neutral condition ( Supplementary Fig. 6 ). In addition, we found that intentional harm elicited increased frontotemporal connectivity at medium and long range distances ( Supplementary Fig. 7) . Thus, detection of intentional harm was associated with greater fronto-amygdala information sharing during T1-T3 and with fronto-temporal coupling at early stages ($T1).
Discussion
Previous reports pointed to the amygdala as a critical hub to appraise intentional harmful actions and stimulus salience (Treadway et al., 2014) . Our results provide unprecedented spatiotemporal evidence for its role in the early encoding of intention, the subsequent categorization of harmful events, and the automatic modulation of corticolimbic connections. These findings support the view that the amygdala indexes the biological significance of salient stimuli through multipathway networks (Pessoa and Adolphs, 2010) .
The concept of intentionality has been variously defined in the literature. Here, we propose that harm is intentional insofar as it reflects the perpetrator's motivation to deliberately hurt another person, leading to mostly negative moral judgements (Supplementary material). We have selected a well-validated and replicated set of stimuli allowing an early and unambiguous categorization of intentional harm versus unintentional harm, while controlling for basic variables (such as familiarity) (Supplementary material) . Future studies should assess early modulations of amygdala activity by intentionality manipulating both basic variables and other potentially relevant cognitive dimensions (Supplementary material).
The amygdala has been implicated in the processing and transmission of sensory salient stimuli to guide behaviours and decision-making (Janak and Tye, 2015) . Consistent with this claim, amygdala activity at broadband (a band that captures spike firing neurons) (Manning et al., 2009 ) predicted single-trial behavioural performance, as previously reported for aversive learning (Lim et al., 2009) . The rapid ($125 ms) involvement of this structure replicates previous findings with scalp EEG (Decety and Cacioppo, 2012; Escobar et al., 2014) , highlighting its role in other automatic processes (Pessoa and Adolphs, 2010) , such as emotional salience and face/object recognition (see Supplementary material for a deeper assessment of this finding). Note that relatively slow (Janak and Tye, 2015) and high (Oya et al., 2002) amygdala frequencies are sensitive to stimulus salience modulations. The absence of similar discrimination/ prediction in other associated regions corroborates the specificity of amygdala activity in intentionality attribution (Treadway et al., 2014) .
We also observed an early coupling of corticolimbic networks previously implicated in intentional harm processing (Treadway et al., 2014) (Supplementary material). As detailed in the Supplementary material, this aligns with extant models of social cognition (Moll and Schulkin, 2009; Fumagalli and Priori, 2012; Ibanez and Manes, 2012) and fast fronto-amygdala networks (Pessoa and Adolphs, 2010) . Using a novel method (wSMI) (King et al., 2013), we showed enhanced information sharing at relatively slow (1-10 Hz) frequencies during observation of intentional actions. Because theta fronto-amygdaline oscillation is enhanced during aversive stimuli processing (Janak and Tye, 2015) , this may indicate a general role for lowfrequency coupling between these regions in the face of aversion-inducing events. Moreover, the early increases in frontotemporal connectivity suggest rapid spreading of amygdala boosts to other regions. Such a claim is consistent with the findings that (i) activity flows from limbic to frontal structures occur between 190-347 ms (Catenoix et al., 2011) ; (ii) salient stimuli modulate cortical activity in early epochs ($100 ms) (Kawasaki et al., 2001) ; causing (iii) parallel distributed frontotemporal processing (Krolak-Salmon et al., 2004; Brazdil et al., 2009) 
(Supplementary material).
Intracranial EEG recordings can provide novel and robust results (Foster et al., 2015) . Our results provide unprecedented spatiotemporal evidence for the role of amygdala in the early encoding of intention, the subsequent categorization of harmful events, and the automatic modulation of corticolimbic connections, all systematically observed in each subject. Although intracranial measures provide a unique source of information that cannot be obtained through non-invasive methods, they also feature important limitations. We have carefully dealt with the well-known caveats of intracranial EEG research by adopting several precautions to minimize the effects of pathological tissue in our signals (Supplementary material). Finally, we could not presently examine laterality differences in amygdala activations, an issue that calls for further research (Supplementary material).
By overcoming the spatiotemporal limitations of previous neuroimaging studies of the amygdala, the present results help to clarify the 'many roads' view. Consistent with this perspective, we observed early amygdala responses guided by stimulus salience and rapid parallel coupling with other regions. Nevertheless, our results also highlight the amygdala's critical role in automatically encoding and classifying intentional harm during moral evaluation-functions that no other region seems to subserve.
